A B S T R A C T Quantitative electron microscopic autoradiographic studies in cultured human lymphocytes and isolated rat hepatocytes have demonstrated that labeled insulin initially localizes to the plasma membrane and is subsequently internalized to a limited region of the peripheral cytoplasm.
INTRODUCTION
When insulin binds to specific surface receptors on target cells several diverse effects take place. First, a variety of biologic responses occur, the nature of which depend on the cell. Second, there must be a mechanism of terminating the stimulatory effect. Thus there is degradation or inactivation of the hormone. Finally, insulin exerts a regulatory effect on its specific receptor that may lead to either an alteration of the affinity (1) or of the concentration of the receptor (2) .
The steady-state binding of insulin to its receptor has been visualized as an equilibrium between the receptor on the cell surface and its external environment (including a component of noncompetitive binding [nonspecific binding], and degradation ofthe labeled ligand). When the binding process is directly visualized, as can be done by combining quantitative electron microscopic autoradiography with direct binding studies, there is an additional component of the process that is represented by an intracellular translocation of the labeled hormone. Our initial studies involved the cultured human lymphocyte of the IM-9 line (3) . We demonstrated that labeled insulin initially localized to the plasma membrane but at 37°C a small component was translocated intracellularly. Further studies in isolated hepatocytes have demonstrated that labeled insulin initially localizes to the plasma membrane in a similar fashion to the cultured human lymphocyte but as a function of time at 37°C there is a systematic and progressive translocation of the labeled hormone intracellularly (4, 5) . Because the liver is a primary target for the biologic, degradative, and receptor regulatory effects of insulin, we have studied the visual events of binding in detail.
In the present study we have (a) characterized the isolated hepatocyte morphologically, (b) determined whether labeled insulin binds to specialized regions of the cell surface (i.e., coated segment), (c) defined the intracellular localization of the labeled material, (d) investigated the nature of the cell-associated and dissociated radioactivity, and (e) studied the dissociation of cell-bound radioactivity as a function of association time and temperature. METHODS Cells and reagents. Hepatocytes were isolated from normal 6-to 8-wk-old Wistar rats fed ad libitum by a modification of the method described by Seglen (6) . The salient features of the method are: (a) nontraumatic canulation of the portal vein, (b) immediate blanching of the liver upon perfusion of the wash solution; perfusion without recirculation (50 ml/min) of200 ml of 10 mM Hepes buffer (pH 7.8) at 37°C, (c) perfusion with recirculation of buffer that contained from 0.25 to 0.50 mg/ml collagenase (Sigma Chemical Co., St. Louis, Mo. or Worthington Biochemical Corp., Freehold, N. J.) and 5-10 mM CaCl2 for [6] [7] [8] [9] [10] min, (d) liver is teased apart and cell suspension fitered through three layers of cheese cloth followed by centrifugation at 50 g for 1 min and resuspension in KrebsRinger bicarbonate buffer (KRB)' repeated four times, and (e) the final cell pellet is resuspended in 40 (hepatocytes) in the purified cell suspension exceeds 98%; the viability of the cell suspension estimated by the trypan blue exclusion and by morphological criteria (peripheral refractoriness of intact cells under the light microscope) was 85-95%. 1251-insulin was prepared at a specific activity of 250 ,uCi/,g by a modification of the chloramine T method (7) . The labeled insulin was purified by filtration on Sephadex G-50 (Pharmacia Fine Chemicals Inc., Piscataway, N. J.) at 4°C before each experiment.
Incubation conditions. Hepatocytes at a final concentration of 1 x 106 cells/ml were incubated in duplicate in 0.5 ml of modified KRB (pH 7.7) that contained 25 mg/ml bovine serum albumin (fraction V) and 0.8 mg/ml of bacitracin with 0.5 nM (3 ng/ml) 125I-insulin at 200 and 37°C for varying periods of time. Bacitracin was added to prevent insulin degradation in the medium during exposure to hepatocytes (8) . Identical incubations were carried out in the presence of27 ,uM unlabeled insulin to determine nonspecific binding (i.e., cell-associated radioactivity in the presence of an excess of unlabeled hor-I Abbreviations used in this paper: EGF, epidermal growth factor; EM, electron microscopy; KRB, Krebs-Ringer bicarbonate buffer; LDL, low density lipoprotein; RER, rough endoplasmic reticulum; SER, smooth endoplasmic reticulum; TCA, trichloroacetic acid. mone). At the times indicated, 1 ml ofchilled buffer was added to each tube, immediately followed by centrifugation for 20 s at 50 g. The supernate was discarded and the cell pellet quickly resuspended in 1 'Ml of chilled buffer and centrifuged for 90 s at about 500 g in a Beckman plastic microfuge tube (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.). Cell pellets were further washed (without resuspension) in chilled buffer that contained 100 mg/ml of sucrose. At the end of the wash procedure, 4% glutaraldehyde in 0.1 M phosphate buffer was added to each cell pellet and allowed to fix for 4 h at room temperature. The glutaraldehyde was then aspirated and replaced with 0.1 M phosphate buffer, pH 7.4, and the radioactivity in duplicate cell pellets determined.
Analysis of cell-associated radioactivity. In a separate set of incubations at 200 and 37°C, cells were centrifuged and washed as described under incubation conditions. The washed pellet was then extracted with a mixture of 0.1% Triton X-100 (Rohm & Hass Co., Philadelphia, Pa.), 3 M acetic acid, and 6 M urea. The mixture was centrifuged in a Beckman microfuge at 12,000 g for 5 min at room temperature and 95-98% of the total cellular radioactivity was found in the supernate. The supernate was applied to a Sephadex G-50 fine column (0.9 x 50 cm), which was equilibrated and eluted by the extraction mixture or by 1 M acetic acid. 1-ml samples were collected on an automated fraction collector. Precipitation by 10% trichloroacetic acid (TCA), adsorption to talc, and specific binding to rat liver membranes were carried out as described (9) , except that the binding assay was conducted for 60 min at 30°C with plasma membranes at 0.2 mg protein/ml.
Analysis ofdissociation ofcell-associated radioactivity. A separate set of incubations were carried out exactly as described above except that 1251-insulin concentrations were between S and 7 ng/ml. At the end of the association period 1 ml of chilled buffer was added to each tube and centrifuged at 50 g for 30 s. The supernate was aspirated, the cells resuspended, and the centrifugation repeated. The cell pellet was resuspended in 3 ml of chilled buffer and a 0.2-ml aliquot of this suspension was further diluted to 10 ml in the absence (dissociation by dilution alone) and in the presence of unlabeled insulin (1 ,Lg/ml) in the dilution buffer (dissociation by dilution plus unlabeled insulin). Dissociation of hepatocytebound radioactivity was then allowed to proceed at 30°C. Experiments at 37°C were performed in the absence and in the presence of bacitracin (0.8 mg/ml) in incubation medium duTing association. At the designated time points the cell suspension was filtered on cellulose acetate 1.0-,um Millipore filters (Millipore Corp., Bedford, Mass.) as described (7) .
Properties of radioactivity dissociated from hepatocytes. In a separate set of incubations at 37°C, 125I-insulin at [16] [17] [18] [19] [20] ng/ml was incubated with hepatocytes for 30 min at 37°C (as described under incubation conditions). At the end of incubation, cells were sedimented by centrifugation and the supernatant media were collected and stored at -20°C. The cell pellets were washed, quickly resuspended in 3 ml of insulin-free buffer, and dissociation of hepatocyte-bound radioactivity was allowed to proceed at 370C. At the times indicated, cells were sedimented by centrifugation and the supernatant media collected as indicated above. The properties of cell-dissociated radioactivity were analyzed by gel filtration, TCA precipitation, talc adsorption, and receptorbinding to liver membranes (as described under analysis of cell-associated radioactivity). In a parallel set of incubations, the washed cell pellets were extracted and analyzed by gel filtration as described above. Bacitracin (0.8 mg/ml) was present in the incubation buffer throughout association and dissociation to prevent insulin degradation in the medium during exposure to hepatocytes (9) .
Preparation for electron microscopy and autoradiography. (12, 13) . Each grain was superimposed by a circle with a diameter of 500 nm. On the perimeter of this circle, five equidistant points were marked. As suggested by Staubli et al. (13) , the probability that a developed autoradiographic grain originates from a given structure can be estimated by this "probability circle." If, for example, three marks hit a mitochondria and the two others a lysosome, the chance that the mitochondria and(or) the lysosome might have been the source of radiation was estimated to be 3 in 5 or 2 in 5, respectively. The total number of points accumulated for a given organelle was then calculated and expressed as percentage of the total number of grains counted. To measure the size of lysosomal structures, the shape of these organelles was approximated by circles and the diameter of the circles determined by comparison with calibrated circles.
RESULTS
General characteristics of the isolated hepatocy'tes. (Fig. 1) . In addition to their surface membrane structure, the intracellular organelles of these cells were well preserved (Fig. 1 ). Further evidence of functional integrity of these cells was demonstrated by their ability to bind labeled insulin and glucagon (15) and to respond metabolically to catecholamines (16) , glucagon (17, 18) , corticosteroids (19) , and most importantly, insulin (20) .
Relationship of grains to cellular structu res. Grains that initially localize to the plasma membrane at 5 min of incubation at 20°C were frequently related to microvillous structures. Because other ligands, i.e., low density lipoprotein (LDL), have been shown (21) (22) (23) to localize to specialized structures of the membrane called coated invaginations, we examined photographs of grains that were either on the plasma membrane or ±200 nrn from the plasma memlbrane for localization to coated segments. Though coated invaginations are easily detected on the liver plasma membrane (24) , no localization of autoradiographic grains to these structures were apparent in anl examiination of over 250 photomicrographs taken from 5 min of incubation at 20°C (Fig. 2) .
To determine whether grains appearing beyond 300 nm of the plasma membrane have a preferential localization to cytoplasmic organelles, we determined by morphometric means the volume density of the glycogen, mitochondria, lysosomal structures, microbodies, SER, RER, lipid droplets, and nucleus as well as the percentage of grains related to these organelles within this same region of the cell (Figs. 1 and 3). To be certain that there was no major redistribution of organelles induced by labeled insulin these determinations were carried out in three experimental conditions (2-5 min and 30-60 min of incubation at 37°C, and 90-120 min at 20°C) where translocations of grains were observed. Morphometric data shown in Table I indicate that the volumetric density of most of the intracellular organelles studied at the cell periphery did not change significantly with time or temperature of incubation. Note, however, that the volumetric density of glycogen was significantly higher after 90-120 min at 20°C than at 37°C. Values obtained were also compared to data published by Weibel et al. (25) and referred to the total hepatocyte studied in situ. To the extent that our data can be compared to data from the whole cell, there is the suggestion that lysosomes and SER were more fre- quent at the hepatocyte periphery and that RER was less abundant in this region.
To determine if there was a preferential localization of autoradiographic grains to specific intracellular organelles, we calculated the ratio of the percentage of grains related to organelles over percentage of organelles within the periphery of the hepatocyte. After only 2-5 min of incubation at 37°C there was a fivefold increase in the ratio of grains associated with lysosomal structures and this increased to 10-fold by 30-60 min of incubation (Figs. 3 and 4). A significant preferential localization of grains to lysosomes was also observed at 90-120 min at 20°C. By contrast, there was no preferential localization to structures of similar size such as microbodies or other organelles such as mitochondria, SER, RER, or glycogen. Less than 1% of grains were associated with the nucleus and fat droplets.
We wished next to determine if a particular class of lysosomal structure was preferentially labeled. We first measured (in random pictures unselected for autoradiographic grains) the mean diameter of all lysosomes seen in peripheral cytoplasm (Fig. 3 ). The range of values and distribution is shown in Fig. 5A . We next determined the mean diameter of all lysosomal structures that were previously scored by the probability circle (see above). Note that autoradiographic grains were related to a class of lysosomal structures of relatively uniform size (Fig. 5B) . Analysis of cell-bound radioactivity. It has been previously reported that 125I-insulin exposed to isolated hepatocytes (8) or purified liver membranes (9) is progressively degraded in a temperature-dependent fashion. At 37°C, this degradation is minimized when bacitracin is added to the incubation medium (Table II) . 2 The degradation of 125I-insulin during its exposure to hepatocytes can be accounted for largely by the release of degradative material(s) (presumably, proteolytic enzymes) into the medium. The nature of the radioactive products in the incubation media has been investigated (8) but the nature of the exclusively cell-associated radioactivity has not been studied.
Because autoradiography measures total cell-associated radioactivity, it is essential to characterize the nature of the cell-associated radioactivity. At the end of the incubation periods, shown in Table III , cells were centrifuged, separated from the assay buffer, washed, and the pellet dissolved in a mixture of Triton, urea, and acetic acid. Under these conditions 95-98% of the cell-associated radioactivity was extracted and applied to a Sephadex G-50 column. For incubations carried out at 20°C, 81-87% of the radioactivity eluted in the position of 1251-insulin (Fig. 6 , Table III ). The radioactivity eluting in this peak was 94-97% TCA precipitable, 87-92% bindable to talc, and predominantly rebindable to liver membranes (Table III) . The remainder of the radioactivity eluted after the iodide marker in the position of iodotyrosyl peptides that loosely adsorb to the 2 To exclude the possibility that results on internalization or morphometric analysis were caused by either bacitracin or some potential artifact of the collagenase isolated hepatocytes, two different kinds of experiments were carried out. First an experiment was carried out at 37°C at 30 min of incubation in bacitracin-free media. The results were essentially identical to the 30-min time point shown in (5) and to data in Fig. 4 . Second, a similar type of study was performed in intact rat liver 10 min after the intraportal injection of 1251-insulin and again the results were very similar (Carpentier, J-L., P. Gorden, P. Barazzone, P. Freychet, A. Le Cam, and L. Orci. 1979 .
Intracellular localization of 1251-insulin in hepatocytes from intact rat liver. Proc. Natl. Acad. Sci. U. S. A. In press.) Bergeron et al. (26) have reported in abstract form that 10 min after the injection of labeled insulin into the rat that autoradiographic grains are internalized and, although no quantitative data is presented, it is stated that grains overlie lysosomes, the Golgi apparatus, other organelles and plasmalemma. ,'
FIGuRE2 View (x 52,000) of developed autoradiographic grain and coated invagination (see arrow). In an evaluation of 250 photomicrographs from 5 min of incubation at 20°C, we found only two grains associated with coated invaginations with techniques identical to ones used in previous studies that have shown significant associations in human fibroblasts (30, 47) .
column. At 20°C the presence or absence of bacitracin in the incubation medium made little difference in the elution profile. For incubations carried out at 370C from 68 to 81% of the radioactivity eluted in the position of 125I-insulin (5) (Fig. 6 ). The remainder eluted as small molecular weight components as seen for the 20°C incubation and as a void volume peak that was seen significantly only at 370C (5) (Fig. 6 ). To determine whether the elution profile of the cell extract was different by allowing for a period of dissociation before extraction, cells were incubated for 30 min at 37°C, washed, and resuspended in insulin-free medium for varying periods oftime (Table IV) . After a 15-min dissociation (41% of the initial cell-associated radioactivity was released into the medium over this period) the major part of the remaining cell-associated radioactivity still eluted as intact insulin. At later times, an increasing proportion of the cell-associated radioactivity eluted as small molecular weight components that represented the major proportion of the radioactivity recovered after gel filtration of the cell extract at 60-min dissociation (76% of the initial cell-associated radioactivity was released into the medium over this period [ Although it has been clearly shown that degradation were not taken up by the cell in some other way during products of 1251-insulin do not bind to the insulin re-the course of our 370C incubation. When 1251-insulin ceptor (9), we wished to be certain that these products was preincubated with hepatocytes for 60 min at 37°C in the absence of bacitracin to allow for degradation and then incubated with fresh cells, binding was only one-fifth of that seen with both fresh tracer and fresh cells (Table V) . Furthermore, when free 1251-insulin was incubated with fresh hepatocytes essentially none of the radioactivity associates with the cell (Table V) . Because glutaraldehyde fixation involves cross-linking of proteins, it is likely that low molecular weight substances such as iodide or small iodo-peptides are not fixed to the cell. We found that a small component of radioactivity was lost from the cell pellet before processing and that an additional component was removed by osmic acid treatment and the successive alcohol washes during the processing phase (Table V) . The radioactive material lost from the cell pellet was over 85% unbound by talc. Essentially all of the trivial amount of iodide associated with the cell was lost in the processing step (Table V) .
Taken together, these studies suggest that most of the radioactivity that was recorded in the emulsion of our autoradiograms was derived from material with a molecular size similar to native insulin.
Analysis of dissociation of cell-bound radioactivity. 1251-insulin progressively associated with hepatocytes as a function of time at both 200 and 37°C. At any given time point a proportion of the cell-bound radioactivity was related to the plasma membrane and the remainder had shifted intracellularly and was preferentially associated with lysosomes. To determine the proportion of the cell-associated radioactivity that was dissociated from the cell after varying periods of association at 200 and 370C, cells were incubated with 1251-insulin for times shown in Fig. 7 . At the end of Fig. 6 . § Additional experiments demonstrate that lyophylized extracts of peak II radioactivity was from 60( to 1(1(1% bindable to liver membranes as compared to fresh "'I-insulin exposed to the same solvent and lyophilizationi condlitions.
the association periods, cells were centrifuged, washed, and resuspended in a large volume of buffer without (dilution alone) or with 1 ug/ml of unlabeled insulin (dilution plus unlabeled insulin) and incubated at 300C for the time periods shown (Fig. 7) . For the 200C association, 90% or more of the labeled material was dissociated from the cell regardless of the time of association. There was, however, a small decrease in the total amount of labeled material dissociable at the 90-and 120-min association periods. For all periods of association the rate of dissociation was increased to a small extent in the presence of unlabeled insulin. The 37°C association differed in two ways. The initial rate of dissociation (dissociation after 15 min) and the total amount dissociated (dissociation after 120 min) decreased as a function of association time. The small degree ofaccelerated dissociation in the presence of unlabeled insulin was similar at both the 20°and 37°C association temperature (Fig. 7) . When bacitracin was omitted from the incubation medium, binding fell rapidly after 30 min but the dissociation characteristics were similar to the experiment that included bacitracin (Fig. 7) .
Properties of radioactivity dissociated from hepatocytes. Because most of the degradation of '251-insulin exposed to hepatocytes appears to be related to the release of degradative material(s) into the incubation medium, it was essential to minimize this effect when investigating the properties of the radioactivity released from the cell. In the presence of bacitracin, the degradation of '251-insulin after a 60-min exposure to the medium at 370C did not exceed 23% (Table II) . Experiments designed to analyze the properties of the radioactivity released from the cell were performed at 370C with bacitracin present throughout both the association and dissociation periods. Tables IV and VI indicate the properties of the radioactivity released from hepatocytes at varying times over a 60-min period of dissociation after a 30-min association at 37°C. By a variety of criteria (gel filtration profile, TCA precipitation, talc adsorption, and receptor binding) there was a progressive loss of integrity of '251-insulin released from the cells. Whereas at zero dissociation time (that is, after 30-min exposure to hepatocytes) 76% of the radioactivity in the medium represented intact 125I1 insulin by the most sensitive analysis, i.e., its ability to specifically rebind to liver membrane receptors (9) , the proportion of intact insulin in the radioactivity subsequently released over 15-, 30-, and 60-min dissociation periods decreased to 49, 41, and 32%, respectively (Table VI) . This extent of degradation largely exceeds that observed when '25I-insulin was exposed for 60 min to a cell-free medium (77% insulin remaining intact, see Table II ) and presumably reflects, partly at least, a degradative process (or processes) related to the association of '25I-insulin with the hepatocyte. Furthermore, because this degradation was observed in a fresh medium (i.e., not previously incubated with hepatocytes) and because, in these experiments, the dilution factor reduced the cell concentration fourfold over that present in the association period, it is likely that most of the degradation observed in the dissociation medium was contributed by a cell-related degradative process (or processes). This conclusion is also supported by the observation that, as dissociation proceeded, an increasing proportion of the cell-associated radioactivity appeared to consist of degraded insulin, as denoted by the gel filtration profiles of cell extracts at the latest time points of dissociation (Table IV) .
DISCUSSION
We have drawn the following conclusions from the present study: (a) In isolated rat hepatocytes considered to be morphologically and functionally intact, 125I-insulin initially localized to noncoated regions of the plasma membrane and was internalized to a limited area of the cell peripheral cytoplasm (10- Sephadex G-50 (fine) gel filtration elution profile of cell associated radioactivity. Hepatocytes were incubated with '251-insulin in KRB in the presence and absence of 0.8 mg/ml of bacitracin. At appropriate times of incubation cells were separated from the incubation media by centrifugation and washed with buffer. The cell pellet was then extracted with a mixture of 0.1% Triton X-100, 4 M acetic acid, and 6 Ml urea resulting in the extraction of 95-98% of the total radioactivity. The extract was then applied to a column developed in and eluted by 1 M acetic acid (a column developed in and eluted by the extracting solvent gives essentially the same elution profile). Total recovery of raclioactivity from the column was 80-85% of that applied. The elution volume of the void, 1251_
insulini and 1251 are shown at the top and the slashes designate the fractionis (1 ml each) pooled for peaks I, II, and III. Peak I (void) refers to fractions 9-13, peak II (intact '251-insulin) to fractiouis [18] [19] [20] [21] [22] [23] [24] , and peak III to fractions 34-40; when discrete small peaks were observed beyond fractioni 40, they were includledl in peak III. The free Na125I peak eluted at fraction 31. The percentage radioactivity eluting in each peak is given in Table III for the 20°C dlata and in reference 5 for the 370C data. After elution, appropriate fractions were lyophilized and further evalluated by TCA precipitation, tale binding, and reb)inding to liver membranes as previously described (Table  III) and degraded materials but the relative proportion of the latter (presumably iodotyrosyl peptides for the most part) increased as dissociation proceeded. These data confirm previous studies demonstrating that the initial interaction of insulin with the cell is binding to a specific plasma membrane receptor (27) (references 1- 12 in reference 3) . It is clear, however, that steady-state binding involves additional processes. Beginning as early as 2 min of incubation at 370C there is internalization of the labeled material and this process continues as a constant function of binding (5) .
The most plausible mechanism to explain the internalization of labeled insulin is adsorptive pinocytosis. This process involves invagination of the plasma membrane, fusion ofthe neck ofthe invagination, and pinching off the membrane-bound vesicle (28) . If this is the case it suggests that the hormone-receptor complex is being internalized. Because the label is exclusively on the hormone we cannot be certain that the receptor is internalized, but it is not apparent how the receptor would be released from the proposed pinocytotic vesicle. The membrane-bounded vesicle, once released from the plasma membrane would be expected to associate with lysosomal structures and this is, in fact, what we see. Whereas, we cannot quantitatively relate developed grains to pinocytotic vesicles at this stage of our study, possibly because these vesicles are very small and the process is very rapid, we can demonstrate a (juanititatively increasing association of developed grains with lysosomal structures.
The process described in these studies is remarkably similar to the binding, pinocytosis, and lysosomal associatioin of'251-LDL to human fibroblasts (21) (22) (23) , with the exceptioni that the initial binding step does not occur in coated segmenits or invaginations of the membrane. Binding to coated segments of the membrane appears most important to fibroblasts because it is not observed fDr LDL binding to mononuclear leukocytes (29) . In addition we have found a similar series of events involved in the binding of epidermal growth factor to human fibroblasts (30) . The functional significance of this process for the lipoprotein system appears to be to make free cholesterol available to the cell for the regulation of key enzymes involved in cholesterol synthesis. The functional significance of this process for insulin and epidermal growth factor is less clear.
Mortimore and Tietze (31) demonstrated that labeled insulin is "trapped" by the cyclically perfused liver and, that after a brief delay period at 370C perfusions, clegradation products are released into the perfusion mle(lia. WVhen the teii1)erature was lowered, the trap-1)ing fuinetioni conti imtedl buit dlegradationi largely ceased. These studies were confirmed by Terris and Steiner in the noncyclically perfused liver (32) and extende(d to isolated hepatocytes (33) . It was shown that in the isolatedl hepatocyte, the degradation of labeled insulin Lysosomiial Associatiofl oJ 125_-in.sulin ill IsolateCd Rat He)patocytes was proportional to the binding of insulin to the cell and that the process was analogue specific. It was also shown that there was a short lag phase between initial binding and the release of degradation products.
The present study provides a direct mechanism for the findings in the perfused liver (31, 32) and in isolated hepatocytes (33) . We find a receptor-linked internalization process that ultimately involves lysosomes, structures that are intimately associated with autophagic and heterophagic functions. When we estimate our cellassociated degradative products, we find that under steady-state binding conditions at 37°C and 20°C most of the labeled material is intact 1251-insulin both by gel filtration analysis and functional criteria (receptor binding). The remainder consists of a void volume fraction (mainly seen at 37°C, the nature of which is unclear) and small iodotyrosyl peptides. Kahn and Baird (34) report similar findings in adipocytes. This is also similar to the findings of Terris and Steiner (33) , with the notable exception that their analysis of degradation was performed on whole cell suspensions (cells plus incubation media). In contrast to our data, they found no degradative activity in a cell-free medium previously exposed to hepatocytes. In the present study and in previous studies with liver membranes and isolated hepatocytes, degradative processes occurred in the incubation medium that were not influenced when the binding process was blocked (8, 9, 35) . This form of degradation has a different specificity, Km, and pH optimum than the binding process and is, therefore, as previously reported separable from binding (9) . Bacitracin inhibits degradation in the media but does not appear to significantly affect the cell-associated degradation. The fact that only small amounts of degradative products are associated with the cell under steadystate conditions suggests that these products are rapidly (36, 37) . Recent studies have emphasized that lysosomal degradation may be important for epidermal growth factor (EGF) (38) . Thus, Carpenter and Cohen (38) have suggested that agents (i.e., chloroquine and ammonium chloride), thought to inhibit lysosomal function (39) , inhibited the intracellular degradation of EGF. In preliminary studies we find that ammonium chloride inhibits the cellular degradation of labeled insulin in intact hepatocytes but in contrast, has no effect on the degradation of insulin by a cell-free medium previously incubated with hepatocytes or liver membranes. 3 Thus EGF in fibroblasts and insulin in hepatocytes appear to be involved in similar processes, i.e., specific binding, internalization, and lysosomal association, and in both systems binding appears to be enhanced by factors that impair lysosomal function. These data indicate a potentially significant role for lysosomes in the intracellular degradation of polypeptide hormones and growth factors but it is as yet unclear how important this function is compared to other enzymatic forms of insulin degradation.
In vivo in the rodent (40) and in man (41) hyperinsulinemia is associated with a decreased insulin receptor concentration and in vitro insulin induces loss of its receptor in cultured human lymphocytes (2)4 and in primary cultures of rodent hepatocytes (42) . The mechanism of receptor loss is unknown and it is apparent that a complete understanding of the process must include events involved from receptor synthesis to insertion in the membrane as well as events involved in receptor loss. Present data, however, suggest that the major initial event is accelerated receptor loss 3Gorden, P., J-L. Carpentier, P. Freychet, anid L. Orci. 1979 . Receptor limited '251-insulin degradation is mediated by internalization. Clin. Res. 27: 485A. (Abstr.) 4 Gorden, P., J-L. Carpentier, E. Van Obberghen, P. Barazzone, J. Roth, and L. Orci. 1979 1259 (2) . If, as we suggest, the process of internalization oflabeled insulin occurs by adsorptive pinocytosis then the receptor is likely to be internalized. The receptor along with its internalized membrane could then be degraded by lysosomes or the membrane vesicle could be recycled back to the plasma membrane (28) . We find by freeze-fracture technique that insulininduced receptor loss, in cultured human lymphocytes, is associated with increased membrane microinvaginations and increased bulk pinocytosis as demonstrated by horseradish peroxidase uptake.4 Blackard et al. (42) have recently shown that lower concentrations of insulin will induce receptor loss in cultured rat hepatocytes (42) than in cultured human lymphocytes. Our data demonstrate that internalization of insulin at steady state is much greater in the rat hepatocyte (5) than in the cultured human lymphocyte (3) . Ligand induced pinocytosis could explain the temperature dependence, concentration dependence, and exquist specificity of the process of insulin-induced receptor loss.
Insulin's major effect in liver is the regulation of intracellular enzymes. Out data provide no specific information by which this process may come about. The internalization process is rapid, however, and the timecourse of glycogen synthase activation in isolated hepatocytes (43) corresponds to the time-course of binding and internalization that we have described.
On the basis of their studies of the binding of insulin to isolated nuclei (44) and the subcellular localization of insulin to nuclei (45), Goldfine et al. (46) have suggested that insulin is internalized by the cell and recently they report that internalized insulin localizes to endoplasmic reticulum and nuclear membrane. Our studies differ in several ways for unexplained reasons: we have not found labeled insulin preferentially localized to either nuclei or endoplasmic reticulum in either cultured lymphocytes or isolated hepatocytes. Furthermore, we find, with the methods of this study, that labeled EGF (30) and LDL (47) localize intracellularly in lysosomal structures in human fibroblasts. There is considerable morphologic and biochemical evidence that LDL localizes in lysosomes (21, 22) and also morphologic evidence that EGF and insulin are handled by a similar process in the fibroblast (48) .
It has been demonstrated that Golgi elements have specific binding sites for insulin (49) . Whereas we find that labeled insulin preferentially localizes to structures morphologically distinguished as lysosomes, these structures are concentrated in Golgi-rich areas of the cell. We do not find, however, in the intact cell that labeled insulin localizes to morphologically detectable Golgi structures.
The process of binding, endocytosis, and lysosomal association may be a general process related to a number of polypeptide hormones and growth factors. The role of this process, however, is unknown and at the present time we can only speculate on how this process may link several of the diverse functions of insulin and related products.
